Abstract. The formation of surface relief profile in photopolymerisable systems when illuminated with a focused beam of light is simulated numerically using a two-way diffusion model that accounts both for monomer and short polymer chains diffusion. The concentration and spatial distribution dynamics of monomer, short and long polymer chains are calculated. It is assumed that the surface profile is a linear combination of monomer and polymer concentration with appropriate coefficients accounting for polymer shrinkage. A good agreement between the calculated and the experimentally measured profiles is observed thus demonstrating the successful application of the two way diffusion in modeling this system.
INTRODUCTION
The interest in photopolymer systems has remarkably increased in the past few years. The photopolymer materials have reached primary positions in many areas as holography, manufacturing of optical elements, optical interconnections, holographic data storage etc [1] .
Acrylamide based photopolymer systems have been primarily developed as high sensitivity self processing photosensitive materials for volume holography [2] . In addition to the photoinduced volume refractive index changes when an acrylamide-based photopolymer surface is exposed to a patterned light of appropriate wavelength a post-exposure swelling in the illuminated area is observed following the initial shrinkage due to the polymerization. The swelling is observed routinely in gratings recorded in acrylamide-based photopolymer and has been experimentally investigated elsewhere [3] [4] [5] . The real time observation of the evolution of surface relief profile conducted in our previous study [6] showed that two processes are clearly distinguishable: rapid increase of profile height followed by a slower decrease. We have demonstrated that the surface profile dynamics is directly connected with diffusion processes occurring in the photopolymerisable system [6] and thus the post-exposure evolution of the surface relief profile in a single illuminated spot can be used for calculation of monomer and polymer diffusion coefficients in photopolymerisable materials. To explore further the origin of the surface relief profile formation it will be a clear advantage to develop a model for its numerical simulation. Recently, we have proposed a two-way diffusion model for formation of short exposure gratings in acrylamide-based photopolymer [7, 8] . The model accounts for diffusion of both monomer and polymer molecules and distinguishes between short-chain polymers capable of diffusing and long-chain polymers that are immobile [7, 8] .
In this paper we have modified the two-way diffusion model in order to simulate numerically the surface relief formation in a single illuminated spot. The temporal dynamics of the spatial distribution of monomer and polymer concentrations in a single illuminated spot are calculated and the calculated profiles are compared with the experimental results.
RESULTS AND DISCUSSION
The investigations were performed using a photopolymer system, developed in the Centre for Industrial and Engineering Optics, Dublin Institute of Technology [9] , which consists of 17.5 ml stock solution of polyvinyl alcohol (10 w/w%), 2ml triethanolamine, 0.6g acrylamide, 0.2g N,N-methylene bisacrylamide and 4ml Erythrosin B dye stock solution of concentration 1.1 mM. An amount of 0.4ml of the well mixed solution was gravity settled on a levelled 2.5 cm x 7.5 cm single glass substrate, so the upper surface of the layer was open to the air. The thickness of the layers after drying for 24h in darkness under normal laboratory conditions (T o = 21 -23 o C and 40 -60% relative humidity) was 35±2 μm.
The illumination of the samples and collection of the surface profiles were performed by White Light Interferometric (WLI) surface profiler MicroXAM S/N 8038. The built-in diaphragm of the WLI profiler (1mm in diameter, positioned 220 mm from the sample) was imaged onto the sample surface for 30 s using light of wavelength 554 nm and controlled intensity resulting in an approximately circular spot 55μm in diameter. Immediately following the exposure the images of the sample surface were collected in dark. The advantage of single spot illumination is that one can monitor in real time the dynamic of the surface profile by taking images at different times using WLI profiler. More details concerning sample preparation, illumination and image collection can be found elsewhere [6] . Figure 1 presents the surface profiles after single spot illumination for 30 s and those collected in the dark 15s, 45s and 300 s after the illumination was turned off. It can be seen that exposure causes initial shrinkage followed by the increase of the profile high. The photopolymerization visualized by the shrinkage (Fig. 1a) leads to the consumption of monomer in the illuminated spot. Due to the established concentration gradient monomer diffuses toward illuminated area and the profile grows. Even after exposure the gradient continues to drive monomer diffusion and the surface relief profile continues to grow (Fig.1 b,c) . After some time, depending on the conditions of the initial illumination, a decrease in profile height is detected. Similar processes (giving rise to an initial increase followed by a decrease in diffraction efficiency) were observed in the post-exposure dynamics of the holographic gratings recorded with short exposure times [7, 10, 11] . The processes were distinguished as monomer and short polymer chain diffusion processes in opposite directions [7, 11] . Therefore here we assumed that the profile decrease is due to diffusion of short polymer chains away from the illuminated area. To verify these assumptions we used the reported in [8] two-way diffusion model. Because of the radial symmetry we can assume that the movement of monomer is mainly in the radial direction and that the contribution of non-radial monomer movement is negligible. Further, we have shown [6] that the appropriate choice of the thickness of the studied layers ensures negligible contribution from the depth, so the monomer movement is mainly in lateral direction. Therefore we can approximate our case to one-dimensional case and apply 1D diffusion equations. The model equations are:
where m, p 1 and p 2 are the concentrations of monomer and short and long polymer chains, D m and D p (x) are monomer and polymer diffusion coefficients, Φ(t)=1 for t<t e , and Φ(t)=0 for t>t e , t e being the exposure time, Γ is the rate of conversion from short to long chains, and F(x) is the polymerization rate, t and x are time and spatial coordinates. D p (x) and F(x) are proportional to the illumination pattern intensity that is given by f(x)=exp(-(x-L) 2 /a), where 2L=145 µm, and a is a constant equal to 0.04 for the simulation presented.
The first equation concerns the changes of monomer concentration with time that are due to diffusion and polymerization. The main difference of our model compared to existing models [12, 13] is that the model accounts for polymer diffusion away from the bright fringes and distinguishes between two types of polymer molecules: short polymers p 1 that are mobile and are capable of diffusing and immobile polymers p 2 that are crosslinked or too long to move.. Second equation shows that the concentration of short polymers changes due to polymerization, diffusion and conversion immobile polymers. The concentration of long polymer (third equation) is proportional to polymer and monomer concentrations. After exposure the long polymer concentration is constant. More details about nondimensionalising the system of equations, initial and boundary conditions and numerical integration can be found elsewhere [8] . Figure 2 presents the calculated concentration profiles using the two-way diffusion model. The model parameters as polymerization rate and diffusion coefficients are taken from previous studies [7, 14] . The initial monomer concentration is unit. It is seen that m decreases to zero in the illuminated spot center due to the consumption of monomer in the illuminated area because of the photopolymerization (Fig. 1 (a) ). As mentioned, this sets up a concentration gradient and monomer starts to diffuse from the unexposed to the exposed area leading to an increase of monomer concentration in the centre of the spot. Due to the photopolymerization the concentrations of short (mobile) (Fig. 1 (b) ) and long/crosslinked (immobile) (Fig. 1 (c) ) polymer molecules increase during illumination (see solid and dashed lines that refers to time of 0.3 and 3 seconds). When the light is turned off (t=30s) no more polymer molecules are generated, hence no changes in polymer concentration are expected. However it can be seen that in the centre of the spot the short polymer concentration decreases (the change is very small on this time scale because the process is very slow). The reason is that short polymers are mobile and can diffuse away from the illuminated area. On the other hand the spatial distribution of the concentration of long/crosslinked polymers does not change after illumination because they are incapable of diffusing. We assume that the surface relief profile is proportional to the concentration profiles of monomer and polymer molecules. Fig. 1 (d) shows the linear combination of the profiles with coefficients of 1 and 0.87 for monomer and polymer, respectively. In this way polymer shrinkage of 13% is assumed . Fig 1 (e) and (f) present the
